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APPLYING THE RESULTS OF EXPERIMENTS ON SMALL MODELS

IN THE WIND TUNNEL TO THE CALCULATION OF FULL-SIZED AIRCRAFT.*
Par le Chef d'Escadron d'Artillerie Robert, S.T.Ae.

Use of results obtained in the wind tunnel may be made in
two ways: the different parts of the airplane, such as wings,
fuselage, struts, evc., may be tested séparately on small scale
and may be calculated in full size by apprlying the laws of simil-
itude by which we can know the proper coefficients for the full-
slzed parts. We may also test in the wind tunnel a complete mod-
el of the alrcraft and attempt to derive from it coeffloients
whioch can be applied to the full-sized creft. If 1t 1s possible,
thls method 1s by far the simpler of the two. In order to exam-
ine this qQquestion more thecretically it wlll bz useful to make a
detalled analysis of the condiltions. We must find a law which
will permit the use of the results obtalned on smadl models in a
tunnel for the calculation of full-sized ailrplanes, or if it ex-
ists, a law of similitude relating the alr forces on.a full-sized
airplane to those on a reduced scale model. This law will apply
both to the full-sized airplane and to the model if the two bodies
are geometrioally simllar and move relative to the alr under simi-
lar oonditions.

If we assume the alr to be under the same conditions of tem

perature and pressure, then this law of simllitude should express

* Abstract from "Premier.Congres International de la Ravigation
Adrienne", Vol. I, pp 1-13.
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the ressistance of the large alrplane in terms of simple funotion .
-of ‘the -geometrioal scaie and the respestlve veloclties of the two
bodies. For the present, assuming that such a law exists, which
is not necessarlily certain, let us ses if it would epply to the
model tests as they are now conducted. We immedistely sees that
1t will not, for several conditions differ from those which we
have above laid down. These are: first, the model is not geomet-
rically similar to the airplane; second, the airplane moves 1ln a
stationary and unlimited fluid while the model is stationary in
a moving etream of ailr ilmlited oy walls; tkird, the airplane is
moving freely in the fluild while the model is necessarily held by

supporits, the presence of which modifies the alir flow.

Lack of Geometrical Similitude.

It is impossible 10 obtain complete similitude for all de-
tails and acceasories of the elrplane. It is obvicus that many
small parts can not even be approximated in the model and that
the effect of these wlll necessarily medify itks recults oObialned
in the laboratozry.

Relativity of Motion apd the Limited Alr Stream.

If the alr stream in the tunnel were unlimited or of very
great extent in proportion to the model, we could assume the
principle of relative motion. Dubat and nghemin found in exper-
imenting with square plates under water rasistance éoeffioients,

which differed, in the ratio of 1.3 to 1. Joukowskl explains
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this by the differencs .in form of the wake behlnd the plates; a
turbulent flow being behind the.statiénary plate in the. water and
a formation of a vortex ring behind the plate which streamlines

it in the ocase of a moving plate in a stationary fluld, This re-
sult, called ths paradox of Dubat/be explained by the conditions
under whioh the experiment was made. We now know that at low .
gpeeds and for non-streamline bodlies the type of flow-of the fluid
is very uhstable and Dubat operated at velocitles varying from 2
to 5 meters per second on a thin plate. Ia the last thirty years,
however, many experiments carefully carried out by trained men
have been made to determine the specific resistance of an alrplane
moving perpendicular to itself. Some have been carried out with
a roving framework, others with plates falling'vertically{ and
8t1ll others by exposing a plate to the pressure of natural or
artifiolal wind. Notable among these are those made between 1208
and 1913 by Yr. Stenton in England, and lr. Eifiel in Paris, and
the results show that for plates of the same dimensions the coef-
fidients 2re the same for moving or for stationary plates. The
fact that the alrplane is moving in stationary air while the modsl
is aﬁationary in a stream of alr, thasrefore should not glve cause
for an appreciable error. The limitation in size of the ailr
atreﬁm, however, does Introduce a certaln error. The S.T.Ae. Das
carried ocut a research to determine this érror: For thls work the
two-meter tunnel of the Institute Aerotechnique at Saint-Cyr, con-
slsting of a venturl tube with contimuous walls vas provided with
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an experimental chamber of the Eiffel type. This made it possi-
surrounding the air stream. Recent experiments carried out by

Mr. Toussaelnt dealt with three wings of l-meter span. This span
is greatef than that of models usually tested. I% was used 1n
order to show more clearly the effeot of the walls. The presence’
of the continucus walls inoreases ths 1ift and decreases the drag
of the aerofoll. The deorease 1n resistance for a given 1lift 1is
of the same order of magnitude as that predicted from theoretical
formulas. These, however, predict that the increase 1n resistance
should be proportional to the square of the 1lift while the actual
experiments show that 1t increases very much lees rapidly. Never-
theless the difference between the polar curve obtained with walls
and that obtained with an air stream passing through a large cham-
ber, is sufficiently great to require a correction. If care 1s
taken to use models such that the ratio of the surfsce to be test~
ed to the oross section of the tunnel.is lesz than 0.7% (Maximum
span of 60 centimeters in a two-meter tunnel), the average differ-
ence will be of the order of 5 to 6.

From the deta at hand we may conclude that it would be possi-
ble, by modifying the theoretical formulas with a suitable coeffi-
clent, to caloculate the necessary oorreotion to eliminate the ef-
fect of limited alr stream. Some attention has been gilven to the
effect of turbulence of the air stream and its effect on the meas-
urement of the resistance of spheres. In this work the coeffici-

ents found by different investigators are decidedly different and




agreemnent has not besn found even for coefficients obtalined for -
the - same Reynolds. number. o i L |

In 1814 Prandtl explained this disagresment by showlng that
the type of air flow despended on ths turbulence of that portlon of
the fluld which is not immediately 1n contact with the sphere.

Mr., Toussaint ocoatinued this work at the Inatitute of Saint-
Cyr and clearly demonatrated that 1t 18 poreible to change the
regime of high reéistanoe to that of low resistance for very dif-
ferent values of VD by changlng the degree of artificial turbu-
lence. These same phenomera havse been observed on all types of
bodies from which the alr stream may be detached or made dlsoon-
tinuous at certaln polntses of the surface. However, this seems to
be of very little importance for wings. In any ocase, it 1ls cer-
tain that the degree of turbulence in the air stream depending on
the actual conrstruction of the tunnel and varticularly on +the use
and location of diffusere or honeycombs hes en influance on the
results obtained. Thls turbulence should be reduced as ruch as
possibie.

Interfsrence of the Supports.

The model must necessarily be held by a support, naturally of
as emall a size as possible and it has bean the custom in labora-
torlas to measurs the aotual resistance of this support and to
subtract 1t from sach reading. It was thought that in thls menner
the influence of the support might be eliminated. It was thought
that the interfersnce of the support on the model should be negli-




glble. Experiments cn thls subject were made thls year in the

two laboratories of the S.T.Ae., and have showrn that the lnterfer-
ence of the supports was much greater than it had been supposed,
in spite of thelr emall size. Thess laboratorles used a wlng of
70-centimeters span and 15 centimeters cpord, supported by two
small brackets placed one behlind the other on the'oenxerline, each
made of sheet steel 4 mm thick and 12 om wide, ending in a square
fastening plate 8 mm by 8 mm. The wings were tried with three
different methods of holding: First, the brackets above the

wing; second, brackets below the wing; and third, a flattened rod
attached to the trailing edge. Hany tests repeated several times
were carried out in the two tunmnels with the same modsls, which
inciuded four different wing sections of greatly differing char-
acteristics (Fig. 1). Tke results of these tests agree absolute-
ly (Figs. 3 to 5), For any wing different polar curves are obtain-
ed, depending upon the metiiod of holding. Both O, and Cp are
affected. The results are shown in the figures, in whioch 1t is
seen that the differences between the variors tests ame great,

and that other disorepanciss due to the tummel itself es explain-
ed In the previous portion of this report, such as turbulence of
the air stream and the limlts of the cross section are negligible
when compared to these. Taree wing models and two complete air-
plane models tested first in the Eiffel and then in the Saint-Cvr
tumnels gave results which were decidedly different when the sup-

porting brackets were fastened above the model in one case end be-
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low in the other case. However, when the bracketes were aétaohed
in the same mammer the polar curves agreed within 3 or 3%, in
splte of the fact that other condifigﬁs gfnéggi_ﬁere dlifferent,
such as differently placed honeyoombs and a free stream in one
cese and a limited air stream 1n the other cmse. The lntorfer-
ence of the supporting members seems to be very uncertaln and it
does not yet seem possible to form & law by which it might be
caloculated.

Results obtalned on different wings with different methods
of attachment do not even have a comparative value. Fig. & 1is
glven showlng the curves of two wings held by the three different
methods. The wing which 1s superilor in aerodynamlocal qualities
under one condition of test 1s inferior when held in another man-
ner. When experimenting with a complete airplane model instead
of an lsolated wing tha interference of the supports is muck less
noticeable. It seems as though the presence of.the fuselage be-
hind the wing had a stabilizing effect on the entire air flow
about the wing.

It has been possible to show directly the effect of the sup--
port on the aer;dynamic flow. Thess dellicate experiments were
carrled out in the Eiffel laboratory by M. Lapresle. This work
was done by holding the wing on a U-shaped frame (Fig. 7) end
bringing the support very close fo the surface of the wing and
measurling 1ts effect on the aerodynamic ch&racteristice of the
wing. The results show that the presence of the support near the
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upper side of the wing very perceptibly reduces the 11ft, 6% for
one wing and 30% for another. On the ocontrary, tkhe interferenoce
of‘é-;upporting splndle below the wing or behind it in the plans
of the wing does not appreciably affect the drag. Supporting

the wing by means of steel wires seems to be an excellent method.

Improvements to be Mads in th ethods of eriment

in Wind Tunrelg.
In order to determine a law of rigorous mechanical similitude

and to apply this law to results cbtained in model tests, 1t would
therefore be necessary to either eliminate or correct by calcula-
tione the different errors hereln agreed with, &0 that the re-
sults would be the same as those which would be realized if the
model and the air flow were exactly similar to the full-socale
condition. Let us see what measures would bs necessary in oxder
to more readlly realize these ccndltions.

I. Geometrical Similitude.- For parts of the airvlane (wing,
fuselage, eto.), geometrical similitude may be easily a%tained.
For a complete model, however, this ocan not be done, and we have
already spoken of the errors which may be caused by not inocluding
to socale such details as the radlator hood, eito,, and we also see
that simllarity ocan not even be approacied for certain parts, such
as streamlined stay wires and struts. It 1s therefore necessary
to adopt the following method. That 1s, to build the model, elim-
inating the above-mentioned parts and to study separately 1n the
wind tunnel the reslstance of these eliminated parts either in



-9 -

full size as with stays and struts, or at least ln slze nearly
full scale, and then correcting the coefficients obtained on the
model for the parts which had been omitted.

II. The Relative MHotion of the Alrplane and the Fluild and

Ef of £ Limited Alr Stream.-~ We may assume that no error
is introduced by the use. of a woving alr stream at a stationary
model. There is an error there due to the fact that the model
is tested in a limited alr stream and it 1s necesaary to apply a
correction to the velooity comraring it with that whioh it would
be.for an infinite air stream, where the velocity V would be at
an infinite distance from the model. Treory formulas give this
correctlion. They do not ssem to bs exact and 1t may te possible
to modify them to give a correction which may be epplied in prac-
tlce. It 1s undoubtedly difficult to measure the degree of tur-
bulence in the air stream and it will probably be necessary to
use the following limitation; that is, to bring the sir to such
a state of turbulence as may ba defined by the coefficient of re-
sistanne for a ephere under standardi-od ccnéitions.

I1I. Interference of Supporting Members.- A standard meth-
od of supporting models éhould be arrived at and this should be
one which will have the lzast effect upon the results. It would
be necessary to oarry out a careful research on this problem. It
would seem that the best support might be obtained by very thin
and stiff braokets fastened below the wing or else by steel wires.
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The Application of a Law of Similitude.
By observing the rules for testing above glven and applying

40 the results certain correotions fof errors which can not other-
wise be eliminated, wind tunnel tests may be brought to an acocu-
racy of the order of 3 to 5% when tebtiﬁg under standard oondil-
tions. It now remains to be seen whether a law of similitude
ffah which the aerodynamic coefficlents for large bodles may be
obtained from the model tests. In order to have mechanical simi-
larity, 1t is neoessary that the motion of the fluid about the
model and the full-sized body be similar. For non-viscous ard
non-compressible fluids it may be theoretically shown that this
will be the case 1f the two bodies are geometiically similar.
This has been oonfirmed even for fluilds having a certaln viscosity
such as water, and in teeting model hulls it may be assumed that
the wave motion on the surface of +the watsr about the ship will
be simllar to that about the models Caloulations based on this
fact have been verified in practice. But for fluids such as air
;hoéé kinematio viscosity 1s tahirveen times greater than that for
viater, this is no longer true. Many sxperiments have clearly
shown that for similar bodies the types of air flow are often en-
tirely different. It therefores becomes necessary to introduce
the effeot of the viscosity of the fluid. An effect which may be
represented'by & single parameter is the kinematic viscosity v.
In applying the general equations of hydrodynamics it may be
shown that the motion of 'a fluld about two geometriocally similar
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bodies will be similar if the ocoefflocient VD/v 1s the same for
both cases. This coefficient is known as Reynolds number and 1s
called E. V 1s the velocity of the fluidhét an infinite dls-
tancge from the immersed body, and D a dimenslion of the body

(for wings taken as the chozd). If the fluid is also compressible
.it 1s no longer possible to find conditliona for which the fluid
motion will be similar. This mav be reglected Lowsver because a
theoretical analysis shows that for the present renge of alrplanes
we can assume that the error introduced by the compressibility of
tie alr 1s negligible. It should be noted however +that thls does
not hold for propeller tips where the relative velocitles between
the alr and the blade reach valuss as high as 300 to 250 m/seoc.
Therefore, sxcepting for the emse of the propeller there will be
about the reduced size model eir flow mechanically similar to +that
which prevails abocut the full-size body if in bot: cases VD/v 1is
the same. If thls is true, the pressure at two homologous points
over the fluid will be proportional to P V2 The influence of
Reynolds number cn ths zir flcow may be seen from the eppearance

of the ourve of R/P V® D?® (tha unitary coefficien:) as ordinates
and VD/v as abseissa. An examination of the appsarance of these
ourves 1s of great praotical interest. Aotually the conatruotion
of wind tunnels does not permlt us to reach the full scale VD.
This number is only about one-iwentieth as great for the model as
for the full scals. If, therefore, bstween the range of the nodel

and of the full scale the curve is inclined to the horizontal axis
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it 1s not possible to apply to the full scale the coefficlent
which was found from the model test. If, on the oontrary, the
ocurve 1s practically parallsl to the VD axis, this may be done.
For thin wings the oritical values of VD may be easily ex-
ceeded and apparently a reglon is reached where the resilstance
coefficlent is pf&ctically constant. For thick wings the air
flow is more unstable end M. Eiffel announced in 1914 that between
the velooities of four and thiriy m/sec, three distinct types of
alr flow existed. In practive if we exceed velocity of 30 m/sec,
the coefficlent is nearly constant for low 1lifts but varies at
high angles of attack. While assuming that the VD curve remains
praotically constant throughout the entire unexplored reglon and
that 1t is posalble to apply to the full-alze alrplane the coeffl-
clents obtalned from the model, it wrould be of the greatest 1inter-
est to experiment in thls region. This ocan be done elither by full
flight tests of the alrcraft or on lerge rodels placed on a test-
ing car or else by modifying the wind tunnels. Experiments on
alrplanes in flignt would be the most complete and most instruc-
tive. These should be done first in gliding flight in order-to
eliminate the errors necessarily introduced by the variation of
engine torque and propeller efficlenoy with altitude.
Unfortunately, full flight.tests involve numerous diffiocul-
tles. The measurement of angles and veloocltles has not yet been
made with the desired preclision and the experimental methods, and
the exlsting insiruments must be improved. The use of an aerody-

namlo testing oar permits of mors accurate meesurement. Such an
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installation exists at the aerodynamic lnstitute at Saint-Cyr.
It was not used during the war but experiments are now belng un-

- dertaken with it. I+ is to be . hoped that these. experiments in
conjunction with those in gliding flight which are alsoc belng made
at the presont time, will provide valuable informatlon on this im-
portant subject, and will give ue points on the resistance curve
for high valuss 9f VIC. Ve will then know with what preoision
the results of wind tunnel tests may be applied. It should be
noted that recent improvements in wind tunnels will reduce the
range whloch now exists between the knovn values of VD and that
tunnels will soon be operating with velooities of 80 m/sec, in
which models 1.30 m to 3 m span or sections of full-size wings
may be tested. In addition to these wing sections, a number of
other component ;parts of the alrplane may be tested in full size
but slightly reduced.

A mimute and detalled study in the tunnel of the resistance
of individual parts, such as the section drag and induced drag of
wings and tlo lutsrfeicucus, provides a meuaod wanicn might possi-
bly be preferable to that of testing a complete model. In this
manner a polar ocurve of a complete airplane could be drawn up from
the individual ocurves measured from the detached parts such as
wings, fuselage, landing gear, eto., by adding the reslstances of
the individual parts and correcting for interference; This method
applied with great oareland skill by M. Touasaint to a blplane mod-
el enebled him to recomstruct the curve of the ocomplete model fron

those of ths individual component parts.

l!- -



- 14 -

Gonclugion.

Aerodynamic research in the wind tunnel has already been of
~inestimabls vdlue. It Has permitted the formulating of a number
of lmportant laws relating to the reslstance of alr and has re-
vealed the particular phepomena resulting from the action of alr
agalnst 1lifting curfaces. It has in additionrn been of the great-
est ald to builders. In spite of the great work which has been
done it now bpecomes necessary tc rejulre from laboratcries a
greater precislon of testing.

The purpose of this article has been to show how this greater
accuracy might be attained. The first step will bs to improve tls
conditions of experiment by adopfing a uniform and aocurate meth-
od which will give co-rected results which relats to standard
conditions and which may reasonably be used to calculate the true
aerodynamic coefficients of a flylng airplane. The adoption of
a standard rethod of testing should ve accompanied by the adopt-
lon of 2 u~ifeczo »otatinm i1 all leh~—o+orieg. that have dlmen-—
elonal coefficlents being preferable. In the second placs, 1t
would be of great intereat to execute tssts on airplanes in -
flight or on full-sized bodiss on the test ocar so that we might
know in at least a few cases the resistance coefficients for high
values of VD, If ve had careful, accurate and uniform tests in
the wind tunnel on ons hand, and full scale tests from full flight
on the other hand, it would be possible to formulate a law of si-
milituds and by its aepplication to inorease the value of wind

tunnel tests.

Translated by D. L. Bacon, NationalAdvisory Committee for Aeronau-
tics. )
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Influence 'of supports on results obtalned-
in experiments.

3 fixed rods attached to upper camber
of wing.

3 fixed rods attached to lover camber /
cf wing.

1 spatula attached to lower camber‘t
at trailing sdge.

Fig. 1 (Continued on pago 16)
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"Aerofolls used 'in tests:

Aerofoil E. 308 B
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"+  attachments on upper camber.
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Aerofoil E 308 B on page 16.
Tables of characteristics on page =25.
Fig. 2 (Continued from page 17).
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+ attachments on upper camber.

O . t " lower L
& spatula n n 1
e __ Study on importance of interactions.
1.8 - ——— - 36
1.6 _ // / .33
/i
//
1.8 ‘ /7/ .34
Q y
. LA
1.0 o= »/”c,f;//f+7 e '20.
A Syt
CL. Pad - el /
c s /| . 16
O ' - /f//+ % // P
L {jéﬁ__ _1_//
t ’
.3 ' z/// /;//V 1z
V. AL
p 4
. ANNy s .
AREPa
7 y
// T .
T
A
-4 0 +4 8 i3 - 16 20

o Angle of attack.
- Aerofoil E 313 on page 16.

Table cof characteristics oa page 35.
Fig. 3 (Continued on page 20).
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Tables of characteristics on page 25.
Fig. 3 (Continued from page 19).



- 31 -

+ attachments on upper camber.
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Aerofoil E 315 on page 16.
Table of characteristics on page 35.
Fig. 4 (Continued on page 22).
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Aerofoil E 315 on page 16.
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+ attachments on upper camber.

o) " " lower

@ spatala v v

n

g e

T

7
KO

+

<

|

N
\
\

1
J/f Fofr angle pbf alttadk

sge tgble jon 1

age |35.

0 .04 . 08 .12
Cp

Tables of characteristics on page
Fig. 4 (Continued from page 21).

.16

a5.

‘20

.24




- 23 -

-+ attachments on upper,camber{f‘_
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Aerofoil E 321 on page 16.
.Table of characteristics on page 26.
Fig. 5 (Continued on page 34?. '
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+ attachments on upper camber. | |
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Figh ?continued.fro_m page 23)? €
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Table of Characteristics.

Aerofoil E 308 B. -
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159 1.1840 |.16800 || 1.1680 | .1904 || 11.49| 1,1744 |.11408 "
19 1.1424 |.126234 1] 1.1280 | .2640 || 14.4°] 1,5168 |.1664
- _ Aerofoil E 312 . o
O o+ . e
o C, | % || S | ¢ | © L | ©p
-62 . .o0se88|.01824 || .0384 | .01856|| -5.19|| .os48 |.01744
-32 ;272 |.01793 . 2368 . 03160| { '-1.82 2880 |.03576
o0 .480 |.032736 . 4138 .03168(| +1.2 5104 |.03648 .
+32 .688 |.04353 .6193 .| .04960 4, 4° 7360 | .05664
62 . 8736 {.06873 . 8016 .07473|| 7.8%| .9344 |.07536
9% .9536 |.09136 || .8880 .10128/] 10,8° 9456 |.10368
12° . 9712 |.12144 . 9440 .13440|1 17° 1.0560 |.1984
152 1.040 |.1648 . 9904 .17520|| 20.2°| .9840 |.3424
20 1.0208 |.3434 .9930 | .3488 :
‘ Aerofoil E 315
i 0 + ®
a CL p Cy, O || @ Cy, Cp
-39 .04976|.0176 || -.00938 | .01792|| -3.69|| .05504|.01968
09 -, 3336 |.01568 || .1440 .01680|| + .83| .2640 |.02608
+3° ©.4320 |.02373 .3360. | .02688 3.8 .4768 |.03536
.69 .6480 |.03808 . 5600 , 04576 70" 1| 7284 |.05152
90 .7633 |.0544 6992 | .06624|| 10.2°| .8064 |.06608
127 . 8240 |.0784 -— —— 16.3 . 9168 |.13424
157 ..8634 |.10640 || .8384 | .11930|| 19.5°| .9776 |.1952
20 2.072 {.21840 .9332 | .18960 - .
, Aerofoil E 321 ’
| ) + ®
« O, Cp R? o || © Cr Cp
-99 .08288 |.01984 04064 | .01904]|-10° || .03034|.01952
-6 .2752 |.02208 . 2448 .02480| |- 6.6°|| .23640 |.02656
-39 .4768 |.03104 . 4448 .03824 ||~ 3.5 . 5008 |.03408
0 .6784 |. 04464 . 6368 .05616||+ .3°| .72396 |.05312
+gg _l.ggge .oseeg . 8304 . 08224 2.80|1 .9553 |.07808 -
B .0800 |.0905 1.0080 .11104 ! 8.29| 1.1328 {.1C
9° 1.2320 |/11712 || 1,160 | .1z@va|f S.59| Ii3iaa ‘19016
12° 1.2896 |.15120 (| 1.2208 . 17260 12, 3% | 1.3440 |.1824




s

Atﬁachmenta on lower camber ~Attachments on upper camber SPQtUL& on lower Oamﬁer-
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Fig. 6. - Aerofoils E 308 B.and E 315 on page 16. Tables of characteristics on pagg 25.



e Two fixed rods
i on upper camber
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_ Two fixed rods /|
on lower camber

Comparison of effect of attachments.
Table of characteristics on page 38.
Fig. 7.
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Kind of Attachment.

nge

3 fixed 2 fixed
rods on rods on
None Spatula lower * upper
camber. camber.
n| A%
Hl ¥ | Bx 97.5 96.0 98.0
£ QI
81 ®% | Ry 710.7 704.3 703.3
O =
)
0]
j=
gl % .
n « | Rx 45.8 42,5 45.8
8l 8™
_ mS | BY 136.4 133.3 137.8
E.
e
5| 2%
Ol o | Bx 72.3 76.86
5 o wn
S| ®w» | Ry 720.9 682.3
B o
o]
[15]
B
'9| (o]
) © Rx 43.3 43.1
°|l 84
® 5 Ry 351.1 307.0
M a




